EPR detection and characterisation of a paramagnetic Mo(III) dihydride intermediate involved in electrocatalytic hydrogen evolution
reduction of cyanide to the aminocarbyne ligand 5 , N-N cleavage of dialkylhydrazides, 6 and electrosynthetic pathways to ammonia, amines and aminoacids. 7, 8, 9 Such platforms also support electrocatalytic hydrogen evolution, for example, the carboxylatocomplexes [MH 2 in which both redox partners are stable. 15 As is fully consistent with slow heterogenous electron-transfer kinetics, the magnitude of the peak separation ΔE for the A +/o (M = Mo, R =Me) couple increases with increasing scan-rate as is illustrated in Figure 1 (a). From this data the standard heterogenous electron-transfer rate constant 16 was determined by digital simulation 17 reversible ferrocene-ferrocinium couple where solvent reorganisation dominates the heterogenous electron transfer kinetics are typically more than three orders of magnitude faster. 18 The nature of the metal centre influences the electron-transfer kinetics, Figure 1(b the W complex with the more electron-withdrawing R = CF 3 group is 510 + 10 mV easier to reduce than is its R = Me analogue. There is also a substantial effect of the substituent group on the electrontransfer kinetics, k o W,CF3 is about order of magnitude greater than Figure S2 of SI). The fitted value of 78 MHz for the hyperfine coupling contribution from Mo is in excellent agreement with previous reports on organodiazenido Mo complexes. 20 The structure of complex A o was optimized using DFT calculations (Gaussian 09 21 ) followed by prediction of magnetic parameters (A and g) (Details are provided in SI). The complex was found to be of C 1 symmetry, with two phosphorous atoms distorted slightly out of the molecular plane, with opposite positions distorted in the same direction in a two up two down arrangement ( Figure 3 ). The hydrides were slightly rotated away from the linear P-Mo-P axis. Importantly, upon reduction of the complex from 18-electron system (diamagnetic state) to the 17-electron system (paramagnetic state) the orientation of the COOCH 3 ligand with respect to Mo changes from fully symmetric (Scheme 1) to one in which a single O atom is bound to Mo with an Mo−O−C angle of ~125°. The core structure of A o is presented in Figure 3 with full atomic coordinates provided in SI. Magnetic parameters calculated from DFT are summarized in Table 1 and are compared with the ones obtained from the fitting of EPR spectra. There is a perfect agreement for the A values of both 1 H and 2 H. The distribution of the isotropic phosphorous coupling constants is consistent between the fitted values and DFT, including the signs. As often reported for paramagnetic complexes containing phosphorous atoms, the predicted isotropic 31 P couplings are underestimated compared to experimental ones. Thus a factor of ~1.44, which is in agreement with previous DFT studies of Mo-P complexes, 22 has been used to scale the P hyperfine coupling values. The EPR spectra predicted using the parameters calculated by DFT are shown in DFT calculations indicate that spin density in all systems is primarily localized on the molybdenum centre (Figure 3 ), which accounts for 62% of the total unpaired spin density. The P atoms bear a considerable spin density (a total of 12%) and ~1% of the density resides on the nearest to Mo O atom. The hydrides are characterized by large s-orbital spin density (~3.0% per hydride) due to the direct interaction with molybdenum, being roughly equal to the total s orbital spin density of all the phosphorous atoms (calculated with standard isotropic atomic hyperfine coupling values). 24 Both experimental EPR spectra and DFT calculations lead to a conclusion that two H atoms in complex A o are ligated to Mo ion and possess strong hyperfine coupling. The Mo-H distance is 1.74 Å and the H-Mo-H angle is ~60° (see Table 2 ). The results for complex A o are also consistent with our recent study on a paramagnetic μ-hydride di-iron dithiolate complex with significant hyperfine coupling on the single bridging hydride (A iso ~ −75 MHz) 25 . The values of both A iso (P) and A iso (H) hyperfine couplings are also consistent with the We thank Taibah University, Saudi Arabia, for funding Dr Ali Alghamdi to undertake a period of research at the Energy Materials Laboratory. The EPSRC is thanked for providing postgraduate studentship to LRW. The EPSRC is thanked for supporting this work through grants to CJP (EP/H019480/1) and VSO (EP/L001322/1). We gratefully acknowledge the EPSRC UK National Crystallography Service at the University of Southampton for the collection of the crystallographic data. 
